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ABSTRACT 
 
Characterization of the Equine Spermadhesin HSP-7 Found on Stallion 
Spermatozoa as it Relates to Stallion Fertility and Sperm Capacitation 
 
Melodee Kathleen Heidmiller 
 
 Equine spermadhesin HSP-7 is a 14 kDa protein isolated from stallion 
seminal plasma and present on the surface of spermatozoa. HSP-7 displays 
carbohydrate and zona-pellucida binding properties, but the physiological role 
in equine fertilization is not well defined. HSP-7 has 98% amino acid 
sequence homology with the well-studied boar spermadhesin, AWN. 
Currently, these two proteins are considered to have the same reproductive 
function. Immunofluorescence studies presented here show that the stallion 
and boar spermadhesins are localized to different segments on spermatozoa. 
The variation in molecular compartmentalization of spermadhesin molecules 
in different species suggests that these structurally related proteins could be 
involved in independent events of fertilization. While the variation in HSP-7 
abundance was not statistically significant between fertile and subfertile 
stallions, capacitated spermatozoa displayed a marked increase in HSP-7 
when compared to neat sperm (P < 0.05). These results indicate that rather 
than aiding in capacitation, HSP-7 is exposed with capacitation and may have 
a more significant role in the acrosome reaction and sperm-oocyte recognition 
than previously documented. 
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CHAPTER ONE 
LITERATURE REVIEW 
 Mammalian spermatozoa are synthesized in the seminiferous epithelium 
and secreted into the lumen of the seminiferous tubules as functionally 
immature cells that are unable to fertilize an oocyte. Spermatozoa are highly 
differentiated haploid cells which transform into motile, functional cells during 
epididymal transit (Senger, 2005). The structure of spermatozoa consists of a 
head, neck, middle piece and principal piece (Figure 1). The head of 
spermatozoa includes the nucleus, acrosome and post-acrosomal lamina, 
which are surrounded by a plasma membrane. The shape of the 
spermatozoal nucleus defines the shape of the sperm head and therefore, 
equine spermatozoa are broad and flat. The rostral portion of the sperm 
nucleus is covered by the acrosome, which is a double-layered membrane 
with enzymatic activity. During the initial stage of fertilization, the equatorial 
segment, which lies at the base of the acrosome, is the site of physical 
interaction between the spermatozoal plasma membrane and the zona 
pellucida. Upon fusion with the oocyte, the acrosome reaction allows for the 
spermatozoa to penetrate the zona pellucida and gain access to the 
perivitelline space (Ellis et al., 2002). The plasma membrane is the outermost 
component surrounding a spermatozoon and consists of three distinct zones: 
lipid bilayer, phospholipid-water interface and glycocalyx. Integral and 
peripheral proteins are intermingled into the lipid bilayer with a negative net 
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charge, attracting and loosely binding proteins from the seminal plasma 
(McKinnon and Voss, 1992).  
 The midpiece region of spermatozoa contains a high concentration of 
organelles with abundant mitochondria, producing ATP for cell metabolism 
and flagellar movement. The principle piece is composed of myofibrils that 
allow spermatozoa to propel through the female reproductive tract with wave-
like and whip-like movements to (Morel, 1999).               
 
  
Figure 1. Depiction of the structural components of spermatozoa. (Courtesy 
of Senger, 2005) 
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 Seminal plasma is the non-cellular, liquid portion of semen produced 
from the epididymis and accessory sex glands (ampulla, seminal vesicles, 
prostate and bulbourethral glands) (Senger, 2005). During epididymal transit, 
spermatozoa are transported from the proximal head (caput), through the 
body (corpus) and to the distal tail (cauda) of the epididymis. The head of the 
epididymis receives spermatozoa via several efferent ducts from the testicular 
mediastinum. As the ducts continue towards the tail of the epididymis, they 
eventually merge and form a single duct called the ductus deferens 
(McKinnon and Voss, 1992). During epididymal transit, spermatozoa are 
surrounded by seminal plasma which includes, but is not limited to; sperm 
associated proteins, hormones, enzymes, protease inhibitors and other 
components such as growth factors and glycoproteins (Topfer-Petersen et al., 
2005). Some of the major constituents include organic solutes and ions such 
as sodium, potassium, chloride and bicarbonate (Hinton, 2005). Over 200 
proteins are represented within the seminal plasma (Senger, 2005) that 
adhere to the plasma membrane creating a protein coat that is involved in the 
stabilization of the plasma membrane and assists in the acquisition of fertility 
(Kirchhoff, 1998; Reinert et al., 1996). These proteins represent more than 
50% of the weight of the plasma membrane (McKinnon and Voss, 1992). The 
exact role of each component in the maturation of spermatozoa is unknown, 
but several studies suggest they assist in spermatozoal motility, cellular 
metabolism, maturation, capacitation and zona pellucida binding. In addition, 
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seminal plasma is a hyperosmotic solution with an approximate pH of 6.8 that 
serves as an osmoregulator for spermatozoa and epididymal epithelial cells 
(Hinton, 2005). 
 In equid seminal plasma, three protein classifications have been 
identified which are involved in fertilization: fibronectin type II proteins (Fn-2), 
cysteine-rich secretory proteins (CRISP) and spermadhesins. Fibronectin type 
II proteins contain two tandemly arranged fibronectin type two modules. They 
interact with phospholipids such as choline lipids on the sperm membrane 
and exhibit heparin-binding properties. They are the most abundant protein 
class within an equine ejaculate, but do not appear to directly assist in fertility. 
Cysteine-rich secretory proteins are characterized by 16 conserved cysteine 
residues and a two-domain structure. The function of CRISP proteins is 
unknown in the equine specie but in the rat, CRISP proteins bind to the 
spermatozoal plasma membrane and participate in sperm-oocyte binding 
(Topfer-Petersen et al., 2005). However, CRISP proteins lack the ability to 
activate the oocyte and undergo the acrosome reaction (Ekhlasi-Hundrieser 
et al., 2005, Topfer-Petersen et al., 2005). The final classification of proteins 
is termed spermadhesins, appropriately named for their multifunctional 
characteristics of ligand-binding properties to heparin and carbohydrates, 
along with protease inhibition (Topfer-Petersen et al., 2005).  
 Within the classifications of Fn-2 type proteins, CRISP and 
spermadhesins, eight major proteins have been classified: horse seminal 
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protein (HSP) HSP-1 through HSP-8. These proteins range from 14 to 30 kDa 
in size (Calvete et al., 1994a). Horse seminal protein one and two (both Fn-2 
type proteins) are the most abundant proteins isolated from equine seminal 
plasma, accounting for 70-80% of the total protein (Calvete et al., 1995a). 
Horse seminal protein three is a member of the CRISP family, ubiquitously 
found in mammals yet it is not restricted to the male reproductive tract. Horse 
seminal protein three possesses high amino acid sequence similarity to a 
major rat sperm surface glycoprotein, which participates in sperm-oocyte 
binding. The specific role of HSP-3 in equine sperm-oocyte binding has yet to 
be determined. Horse seminal protein four is related to a calcitonin gene-like 
product and is a participant in sperm motility and prevents premature 
capacitation and the acrosome reaction. The role of HSP-5 has not been 
related to any known proteins and its role has yet to be determined. Horse 
seminal proteins six and eight are different isoforms of a protein belonging to 
the kallikrein-like protein family and are involved in the cleavage of the 
seminal coagulum (Topfer-Petersen et al., 2005). Finally, HSP-7 is a 
spermadhesin protein containing one or more heparin binding sites and is 
hypothesized to aid in sperm-oocyte binding and capacitation due to its 
molecular architecture and localization on neat spermatozoa (Calvete et al., 
1994a). 
 Spermatozoal associated lectins of low molecular weight (12 to 30 kDa) 
are titled spermadhesins and have emerged over the last decade. These 
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proteins not only display significant zona pellucida binding properties but they 
may also contribute to sperm capacitation. Spermadhesin molecules range 
from 110-133 amino acids and are stabilized by a single CUB domain 
(complement subcomponents Clr and Cls) with two conserved disulfide 
bridges with neighboring cysteine residues (Bork and Beckmann, 1993; 
Topfer-Petersen et al., 2005). Numerous spermadhesin molecules have been 
studied across species, including AWN/AWN-1 and AQN (named according to 
their first three N-terminal amino acids) found in the boar, acidic seminal fluid 
protein (aSFP) in the bull and HSP-7 which is also termed seminal plasma 
protein seven (SSP-7) (Calvete et al., 1995b; Reinert et al., 1997).  
 Boar spermadhesins are the most studied spermadhesin molecule 
across species and have been identified as multifunctional proteins, 
displaying serine protease inhibition with zona pellucida glycoprotein and 
heparin binding properties. Boar spermadhesins are major secretory products 
of the seminal vesicles, rete testis and tubuli recti (Dostalova et al., 1994b). 
AWN is a 14 kDa protein (Dostalova et al., 1995) consisting of 133 
polypeptide residues (Reinert et al., 1996). The concentration of AWN within 
seminal plasma varies from 0.6 to 7.2 ug/ml (Sanz et al., 1992a) while total 
seminal plasma protein concentration ranges from 28-30 mg/ml (Dostalova et 
al., 1994b). The primary role of porcine spermadhesins is to aid in sperm 
capacitation (Calvete et al., 1997). Research has not identified the human 
homolog to AWN, but current research is directed toward the heparin binding 
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protein fractions 9 and 11, where many spermadhesin molecules have been 
isolated (Kraus et al., 2005). Epididymal sperm are coated with an average of 
7 x 106 AWN molecules per cell and upon ejaculation, an average of 12-60 x 
106 AWN molecules cover the acrosomal cap several molecules thick 
(Dostalova et al., 1994b and 1995). The significant increase in AWN 
abundance is due to AWN synthesis and secretion by the seminal vesicle 
epithelium (Hoshiba and Sinowatz, 1998) which peripherally attaches to the 
apical third of the acrosomal cap (Dostalova et al., 1995; EnBlin et al., 1995). 
AWN is thought to bind the spermatozoal surface through 
phosphorylethanolamine containing lipids on the external lipid bilayer (Figure 
2; EnBlin et al., 1995). However, phosphorylethanolamine lipids are 
preferentially located on the inner leaflet of the lipid bilayer. Therefore, more 
research needs to be conducted to confirm that surface associated 
phosphorylethanolamine moieties are the functional group for AWN 
anchorage (EnBlin et al., 1995; Pommer et al., 2003).  
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 Post in vitro capacitation, approximately 7 x 106 AWN molecules remain 
attached to the spermatozoal surface (Dostalova et al., 1994b). It has been 
hypothesized that the variation in protein concentration between ejaculated 
and post capacitated spermatozoa is due to AWN stabilizing the acrosomal 
membrane prior to capacitation and aids in the event of capacitation. It is 
speculated that AWN molecules inhibit premature capacitation, protect zona 
pellucida binding sites that are exposed with capacitation and prevent a 
premature acrosome reaction (Dostalova et al., 1994b). These processes are 
thought to occur through heparin binding activity due to the affinity of AWN to 
acid polysaccharides (Dostalova et al., 1994; Tienthai et al., 2000). Not only is 
AWN thought to participate in capacitation, it has also been localized on 
spermatozoa bound to the zona pellucida of surgically collected oocytes 
Figure 2.  A proposed model of porcine AWN with relative locations of ligand-
binding, carbohydrate-binding (shadowed circle) and the 
phosphorylethanolamine-binding regions (in black). Disulfide bridges are 
indicated with neighboring cysteine residues (cys). β-strands of the CUB module 
are A, G, F, C,Cʼ, C” with N-terminus (N) and C-terminus (C ). (From EnBlin et 
al., 1995)     
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(Ekhlasi-Hundrieser et al., 2005), purified zona pellucida (Dostalova et al., 
1995) and attached to the epithelium of the uterotubal junction (UTJ) of 
inseminated sows (Calvete et al., 1997; Dostalova et al., 1995). In vitro, dose 
dependent incubation with purified AWN inhibits spermatozoa from binding 
zona pellucida encased oocytes (Sanz et al., 1992b).  
 AWN preferentially binds to β galactoside specific lectin molecules via 
O-linked carbohydrate sequences on ooctyes via the common zona pellucida 
glycoproteins Gal β1-3GalNAc and Gal β1-4GlcNAc (Dostalova et al., 1995). 
The ability of AWN to bind the oviductal epithelium may in part aid in the 
development of the oviductal reservoir of fertile spermatozoa (Calvete et al., 
1997), which is the attachment of spermatozoa to the epithelium of the UTJ 
where they await a signal to be released and interact with the ovulated 
oocyte. In addition, AWN displays serine protease inhibition, which protects 
spermatozoa from undergoing proteolytic attack during maturation and 
transport through the female reproductive tract. Sanz and coworkers reported 
that serine protease inhibitors located on the acrosomal cap of spermatozoa 
also stabilize zona pellucida binding proteins (Sanz et al., 1992a). Some 
discrepancy has been observed concerning this role of AWN, therefore further 
research is required to confirm this characteristic (Calvete et al., 1997; 
Ekhlasi-Hundrieser et al., 2005; Rodriquez-Martinez et al., 1998).  
 While multiple spermadhesin molecules have been identified within the 
seminal plasma of the boar (AQN-1, AQN-3, AWN, PSP-1 and PSP-II), HSP-7 
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is the only spermadhesin molecule identified within equine seminal plasma 
(Calvete et al., 1994a; Reinert et al., 1996; Topfer-Petersen et al., 2005). Only 
four studies to date have been conducted to identify the role of HSP-7 in 
equine reproduction and only a fraction of these studies have evaluated the 
similarities between AWN and HSP-7 (Calvete et al., 1994a). However, since 
boar AWN is the most studied spermadhesin molecule and has 98% 
sequence conservation with HSP-7, inference to the role of HSP-7 are made 
from AWN research (Figure 3; Calvete et al., 1994a).   
 
 
 Localization studies of HSP-7 in the equine genital tract vary from that of 
porcine AWN. HSP-7 appears to be synthesized by A-spermatogonia, caput 
and corpus epididymal epithelium, seminal vesicle epithelium and from the 
ampulla of the ductus deferens. On the other hand, porcine AWN is 
synthesized in the rete testis and the epithelium of the seminal vesicles 
(Hoshiba and Sinowatz, 1998; Reinert et al., 1997). During passage from the 
Figure 3. Primary structure of HSP-7. The amino acid structure of HSP-7 and 
boar AWN differ only in three amino acid residues (HSP-7/AWN: I44/L, Y92/R 
and Q98/H) which are underlined. (Courtesy of Reinert et al., 1996) 
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caput to the cauda epididymis, decreasing amounts of HSP-7 are present 
within the seminal plasma (Reinert et al., 1997) while an increased amount is 
present on spermatozoa (Reinert et al. 1996; Topfer-Petersen et al., 2005).  
 During epididymal transit and sperm maturation, spermatozoa not only 
acquire the appropriate molecules for oocyte binding, they also acquire 
motility. In the stallion, total sperm maturation takes approximately fifty-eight 
days, which includes development within the testicular parenchyma and 
movement through the epididymus (McKinnon and Voss, 1992; Senger, 
2005). During sexual stimulation, smooth muscle contractions move 
spermatozoa from the cauda epididymis where motile sperm are stored, into 
the ductus deferens for ejaculation. The protein coat applied to the 
spermatozoal surface during sperm maturation and high cholesterol 
concentration maintains membrane integrity and protects the spermatozoa 
during passage through the female reproductive tract (Baumber and Meyers, 
2006; Landim-Alvarenga et al., 2004; McKinnon and Voss, 1992).  
 Before spermatozoa are able to bind and fertilize an oocyte, the 
spermatozoal membrane must be transformed through capacitation and later 
through the acrosome reaction. Capacitation is characterized by the loss of 
numerous cholesterol molecules allowing for the destabilization of the plasma 
membrane and making it more permeable to calcium ions. This allows for the 
re-organization of proteins within the lipid bilayer (Landim-Alvarenga et al., 
2004; Meyers et al. 1995; Senger, 2005). As a result, spermatozoa become 
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hypermotile and vesiculation of the plasma membrane and the acrosomal 
membrane occurs (Pommer et al., 2003). Hypermotility involves a change in 
motility pattern from a progressively forward motion to non-progressive, whip-
like tail movements that aid in the removal of spermatozoa from the epithelial 
cells lining the oviduct and for penetration through the zona pellucida 
(McKinnon and Voss, 1992). This is in part how the sperm plasma membrane 
and biochemistry are altered during capacitation (Landim-Alvarenga et al., 
2004; Meyers et al., 1995). 
 Capacitation appears to be controlled through cyclic AMP (cAMP) 
dependent signaling pathways and tyrosine phosphorylation (Harrison, 2003; 
Pommer et al., 2003). Bicarbonate and calcium primarily mediate the 
activation of adenylyl cyclase and the destruction of phosphodiesterase, 
leading to an increase in cAMP and further activating adenylyl cyclase and 
protein kinase A (Harrison, 2003; Pommer et al., 2003). In vivio, the initial 
phases of capacitation are dependent on glycosaminoglycans such as 
hyaluronic acid. Glycosaminoglycans are long and linear with strongly acidic 
repeating units of D-glucosamine and hexuronic acid residues (Calvete et al., 
1996). They are naturally secreted by the female reproductive tract and 
interact with the sperm surface via heparin binding proteins (Calvete et al., 
1995). They have a wide variety of physiological roles that modulate the 
activity of the proteins to which they bind (Calvete et al., 1996). Heparin-
binding proteins bind spermatozoa through epididymal transit in a pH, 
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calcium, and temperature dependent fashion (Miller et al., 1992) where they 
facilitate the vesiculation of the plasma membrane and acrosomal 
membranes (Pommer et al., 2003).  
 While in vivo capacitation requires glycosaminoglycans from the female 
reproductive tract, in vitro capacitation appears to require additional 
substrates. In vitro capacitation is generally observed in either a defined 
NaHCO3 media (Pommer et al., 2003) with the addition of bovine serum 
albumin (BSA) (Cross, 1998; Visconti et al., 1999) or the combination of 
dibutyryl cyclic AMP (dbcAMP ) and caffeine (Pommer et al. 2003; 
Vandevoort et al., 1994). The addition of dbcAMP and caffeine to stimulate 
capacitation has been used with success in macaque spermatozoa (Boatman 
and Bavister, 1984) and only recently been used in capacitation of equine 
spermatozoa (Pommer et al., 2003, Vandevoort et al., 1994). Both species 
are unique in that they do not spontaneously capacitate in vitro but require 
chemical modification (Baumber and Meyers, 2006). 
 Bicarbonate activates soluble adenylate cyclase in the cytoplasm, which 
results in an increase in cAMP (Baumber and Meyers, 2006). The calcium 
influx due to an increase in cAMP and increased calcium permeability is a 
biphasic process occurring once during capacitation and again during the 
acrosome reaction (Landim-Alvarenga et al., 2004). The addition of dbcAMP 
and caffeine in vitro stimulates this necessary calcium influx for capacitation 
to take place (Parris et al., 1999). All in vitro protocols have been designed to 
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mimic the effects of glycosaminoglycans present in the female reproductive 
tract. The most important aspect of capacitation is that it enables sperm to 
recognize the zona pellucida and undergo the acrosome reaction. 
 The acrosome reaction is the step following capacitation and can only 
occur with post-capacitated spermatozoa. The acrosome reaction is defined 
as the loss of the acrosomal protein matrix, releasing enzymes such as 
hyaluronidase, proacrosin/acrosin and lipases. The release of enzymes 
enables the spermatozoon to digest through the zona pellucida and enter the 
perivitelline space. Premature release of the acrosomal enzymes, or an 
incomplete or absent acrosomal reaction will all preclude fertilization. 
However, an intact outer acrosomal membrane will also prohibit sperm-oocyte 
binding. With the acrosome reaction, receptors are exposed on the equatorial 
segment to allow complementary molecules arranged on the spermatozoa to 
interact with the extracellular glycoprotein matrix encasing the oocyte 
(McKinnin and Voss, 1992, Pommer et al., 2003; Reinert et al., 1996, Senger, 
2005). In vitro protocols have been designed to induce the acrosome reaction 
through chemical and biological agents including calcium ionophores, 
follicular fluid, zona pellucida glycoproteins, platelet-activating factor, 
glycosaminoglycans and progesterone (Meyers et al., 1995). Progesterone is 
often used because it is likely to be present in oviductal fluids and within the 
cumulus cells of the ovulated oocyte (Linford et al., 1992; Meyers et al., 
1995). Meizel and co-workers have studied progesterone induced acrosome 
